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ABSTRACT
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the U.S. Atomic Energy Commission (USAEC). The information is 5
presented in a condensed and readily understandable form, and it is’
hoped that it will be useful to those interested in a summary view of
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Powar demands solar energy; but these have not yet been de-
tiroughout the world  veloped to a paint at which their widespread use in
are increasing: the next few decades can be foreseen.

energy is essential The nuclear power industry has been developing
to assure public health in an era in which much attention is given
and to provide for the quality of life to which man  to the preservation of public heaith

aspires. Nuclear energy, based on fission, is in and environmental quality. No industry, including
a position to fill these needs with less detriment to  the nuclear industry, can truthfully claim to ‘
the environment than most fossil fuels. be free from all public health and

In the longer term man may need to evolve other environmental effects, but the nuclear industry has
sourca< of power such as fusion energy or . given serious attention to these problems.
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Probably more factual information on the effects
of radioactivity has been compiled than for
any other potential poliutant.

Biologists have shown that radiation doses as low
as 0.5 to 1.0 rad per day administered
continuously can give rise to

observable genetic and somatic effects in small
mammals. These levels are about a factor

of 1000 higher than the ICRP annual dose limits for
the general public, and nearly 10 million

times as high as the average radiation dose
increment resulting at present from the operation
of nuclear installations. At the very low levels

of radiation to which members of the

public are exposed the frequency of effects is so
low as to be not observable; as a result itis
possible neither to prove nor to disprove

the actual occurrence of effects at these levels.
Radiation protection standards are set

on the basis that the effects may occur at low doses
in proportion to the effects observed at higher

dose rates, but evidence exists to suggest that

the effects occur with even less frequency, if at all,

A similar situation exists with respect to accidents.
Although there have been malfunctions of

nuclear power reactors, in no case has

u.2re been a release of radioactivity to the environ-
ment 1 amounts large enough to result in an
over-expuasure of the public. Because of the excel-
lent recor.3 of safety that has been attained, )
it is not pissible to establish quantitatively what
the probaility of a major reactor accident

is, excep that it is certainly very low.

Enni-.cered safety features continue to be developed
to improve even further the reliability of

reactors to operate without incident.

Interest in the environmental aspects of nuclear
power stations led the International

Atomic Energy Agency, in co-operation with the
United States Atomic Energy Commission,

to convene a symposium in New York

on this topic in August 1970. The enthusiastic
response both during and after that meeting, and
the interest in environmental matters

evidenced by the convening of the United Nations

' Conference on the Human Environment

in 1972, led to the decision to summarize the
information presented in New York in a condensed
and readily understandable form for those

not engaged directly in this field of

work. The World Health Organization has co-
operated in the preparation of this booklet, which
is the rasult. It was planned at a consultants’
meeting convened in Vienna in June 1971.
Following this meeting contributions to the booklet
were supplied by 28 experts from the 1AEA

and WHO and a number of Member States,

¥

and compiled by Dr. D.G. Jacobs, who served as
scientific secretary. A second consultants’
meeting was convened in January 1972 to review
the assembled draft. (A list of consultants

and contributors is given at the end.)

Compilation of the booklet presented a number of
difficulties. The time period between its
conception and its desired date of completion

was quite short, especially in view of the number of
contributions received. There was an attempt

to compile a manuscript which was uniform

while at the same time maintaining the character of
the various contributions.

Further, the interests and technical background

of the prospective audience

presents a broader spectrum than one would
normally try to cover

with a single publication. As a result there is

more repetition and parallel material in the
booklet than one might hope to find —

though in part this is deliberate. For example, the
third chapter contains more operatlonal details
than most readers would require, and we

suggest that this chapter could be omitted by non-
specialists. The information presented may be

of considerable interest, however, to others

in the intended audience. The first part of the fifth
chapter closely parallels Chapter 111 with regard

to the topics discussed, but the discussions

take the form primarily of an evaluation of the
public health and environmental aspects of

the various operations rather than a description of
operations and procedures. We are hopeful that

in spite of its admitted shortcomings the

booklet will be useful to those interested in a sum:
mary view of the public health and environ-
mental aspects of nuclear power production.

No one can profess to be able to quantify at this
time all of the public health and environ-

mental effects of nuclear power for the future.
The attitude of the nuclear power industry

is to proceed with due caution after giving con-
sideration to all facets thought to be

potentially detrimental. Concurrently, programmes
are conducted to advance our knowledge

of the impact of the industry and to

improve further its safety aspects, with continued
periodic reviews on the basis of new

information. In view of their responsibility

to protect the health of populations, public heaith
authorities are following continuously

the development of new sources of power and
their effects on the human environment.

The nuclear industry has achieved a commendable
safety record to date, and it hopes to continue

to set an example of thorough attention

to safety which other industries may follow.
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the role of

atomic enerpy

in meeting

future
nower needs

Civilization has developed largely as man has
devised new ways of changing and controlling his
environment. He has searched continually for new
means of producing energy to help him attain

his objectives. In the earliest days he relied
directly upon the energy from the sun to provide
him with warmth. The discovery of fire was the
key to releasing the solar energy locked in plants
and trees, by the burning first of wood and later
of fossil fuels.

Although water power and wind power had been
used industrially for several centuries the
industrial revolution began really when man
harnessed energy from the burning of fossil fuels
to drive machines to do his work.

The changes in man'’s sources of energy and the
rates at which they are consumed have been
particularly dramatic over the past century.

A hundred years ago wood was the source of most
energy, but by 1900 it had been replaced

largely by coal. After World War 11 oil

and natural gas supplied an increasing fraction cf
energy.

Economic progress is usually associated closely with
available energy. This is illustrated by a correlation
betweer a nation’s per capita energy consumption
and its gross national product (see Fig.1).

Thus, it may be expected that a major

contribution to increases in world energy consump-
tion will come from improvements in the

economic conditions and standard of

living of developing countries as well as from
increases in the world population. World energy
consumption during the last two decades has
increased very rapidly, by about 8% per

year - much faster than the rate of population
growth, which has been about 2.3% a year
during the same period. It is interesting

to nete that, although all sectors of energy consump-
tion have been increasing, the greatest growth has
occurred in the production of electricity.

Since the beginning of the industrial revolution
the impact of man on his environment has
grown at an ever-increasing pace. But

the rate of industrial development in different
places has not been uniform, and while the
more highly developed countries are now
debating whether and if so how to control their
economic growth in order to protect the
natural environment, the less developed
countries must increase their rate of industriali-
zation if they are to attain comparable standards
of nutrition, housing, clothing, public health,
education and so on.

-t
The great changes in"our environment which have
occurred in recent ydars, and the still greater
changes which threaten as higher living standards
and the increasing w?rld population demand
ever-increasing rates of energy production,

have provoked a call for closer control of these
changes. This demand is greater at present in

the developed countries, where higher living
standards and more time for recreation allow man
to use his environment more intensively, but
there is no reason to doubt that it will spread to
the developing countries. It seems no more

than common sense to urge that the environment
should be harmed as little as possible.

In most places the decision is not whether
additional sources of electrical energy should be
developed, but how the additional energy

which is required can be best produced.

Only about one-tenth of the water power
potentially available has been developed, but
much of the remainder is located in gnote areas

1
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or is not likely to be developed for et:onomic
and aesthetic reasons, Even where hydro-electric
power is economically attractive it must be
supplemented usually with power obtained from
other sources, because its availability varies
with the seasons. Solar, tidal and geotiiermral
energy for electricity production are economi:c
only in certain locations or in special circum-
stances. Thus, most electric power in the

near future will ‘be generated in thermal-electric
plants based either on burning fossil fuels

{coal, oil, natural gas) or on nuclear fission
("’burning”’ uranium, plutonium and perhaps
thorium), Usually the selection of plant type is
influenced principally vy considerations associated
with the cost of the plant and its operation,
taking into account other factors including

the availability of fuel and the reliability of its
sources of supply, foreign exchange requirements
and availability, and possible effects on
employment (for example, in cnal mines).

The world needs not only more energy to produce
power, it needs as well more efficient means of
energy conversion. The n.ajor portion of the
energy now consumed to produce efectricity is
wasted as heat, which may affect local

ecological systems. Development of

more efficient methods for energy conversion would

reduce the these losses of energy. Generally less
emphasis has been given to development of
magnetohydrodynamics and other direct conversion
processes, which need to be investigated

seriously, than into development of

new sources of power. More emphasis might also
be placed on improving fuel for power

production, for example by gasifying or liquefying
coal, in ways which could reduce environmental
change.

Recently, however, increased emphasis has been:
placed onenvironmental and public healith
aspects of electric power production in the more
highly developed countries. The nuclear power
industry has developed in an atmosphere of

the utmost caution; probably no other industry
has been so safety conscious. The design and
operation of nuclear power plants, from their in-
ception, has stressed public safety and environ-
mental protection. Other industries have
asserted that their activities are safe, without
qualification; the nuclear industry, growing up
with statistics, has instead set limits at which
the probability of harm is considered

acceptably small. Even so, the current trend is
toward increasingly strict regulation of

releases of both radioactivity and waste heat.

The use of atomiic energy as compared with
fossil fuel for- the production of electricity will
affect tha environment in a number of ways:

2 .. _
w 8
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@ drastically reducing the mining and transport of
fuef;

®increasing by some 50% the heat released into
water from power plants which are built initially,
though in respect of later plants the increase will be
negligible;

@ introducing a very small risk of local release of
lethal amounts of radioactive substances, by
accident;

@ requiring small restricted areas for disposal of
fission products and for decommissioned reactors;
@ slightly increasing the world inventory of
krypton, and later tritium, but decreasing

the inventory of radon in the atmosphere;
®virtually efiminating emission of

particulates, sulphur dioxide, carbon dioxide and
mercury to the atmosphere;

@ eliminating problems in the disposal of fly ash.

The use of fossil fuels developed in an age which
was too hungry for energy to care overmuch about
the consequences. But those consequences are
now being looked at more closely; there are

calls for low-sulphur fuels and for reductions in
emissions of sulphur dioxida. The nuclear

power industry is under similar, but
disproportionately heavy, pressure.

There is need for better knowledge of the relation-
ship between levels of environmental contami-
nation generally and their effects, and for

better analysis of environmental problems in terms
of costs and benefits. These in turn should be
considered in perspective with other claims

on resources. Only then can the best decisions,
everything considered, be made as to where,

when, what size and what type of power

plants should be built. The aim of both nuclear

e e L Uy IR
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and “’conventional’’ industries should be to
change the environment as little as is
reasonably practicable.

Future world energy needs

During the past two decades electrical energy
consumption worldwide has increased at

about 8% per year, and this rate of growth has
shown so far little sign of slowing down. Itis
expected that it will be maintained for the

next ten years. At present the consumption of
non-electrical energy is about three times that of
electrical energy, but total energy consumption
is growing at a lower rate than electricity
consumption. This is reflected in current growth
rates of about 3.6% per year for world coal
production and of about 6.9% per year for world
crude oil production.

Projections for the longer term are made usually
on the assumption that the rate of growth in
demand for electricity will decrease as population
growth rates decrease and as some “‘saturation”’
effects are felt, when per capita consumption of
electricity reaches higher levels than at present.
For example, electricity production in Japan
increased at an average rate of 12.4% per year
from 1959 to 1968, but it is expected that

this rate of increase will fall to about 7% per year
by 1980 and to less than 5% per year by 2000.
The growth rate in developing countries is

likely to be considerably higher than that in
industrialized countries during this period.

If one assumes average growth rates of 8% per
year until 1980 then of 6% per year until

the year 2000, world electricity consumption in
kitowatts would increase from 4900 X 10° kWh(e)
in 1970; to 10500 X 10°kWh(e) in 1980;

to 33600 X 10° kWh(e) in 2000.

World energy rewources

It is estimated that reserves of mineable coal total
between 4 and 8 X 102 metric tons. At .
present rates of increasing annual consumption
this would all be consumed before the year 2100,
More reasonable projections are that the rate of
increase in consumption will begin to decrease
before 2000, and that coal production will
probably “peak’’ at about 2100 to 2150 then
gradually decrease. At this rate most of

the world’s coal resources would be exhausted by
2300 to 2400.

Estimates of recoverable petroleum are in the
range of 1.3 to 2.1 X 10'? barrels, Even if present
rates of increase in consumption begin to
decrease in the near future it is estimated that oil
production will peak by 1980 to 2000, at a

level less than three times the present fevel, and
then decrease. This would exhaust most of
the world’s oil resources by tie year 2025,

The world's potential water power capacity is
about 3 X 10°megawatts electrical output (MW(e)),
of which less than 10% (principally in Europe

and North America) has been developed so

far. Presently this constitutes about 28% of the
total electrical capacity. By the year 2000 it is
estimated that about one third of the potential
water pc.. °r capacity will have been developed, at
which time it will constitute only about 14%

of the total electrical capacity. Increasingly in
some developed countries there are objections to
development of hydro-electric power in that

this requires the construction of large artificial
lakes. Most of the undeveloped water power is in
the developing countries.

Solar energy, uaspite_its large magnitude, is both
intermittent and of low areal density, and is

thus not promising as a source for economic large-
scale power production in the near term ~ although
on the basis of recent development it offers hope
for the future. Geothermal and tidal energy
potentials are relatively small, and are available
only in certain locations.

The amount of energy from nuclear fission
potentially available in world uranium

and thorium resources is several orders of
magnitude greater than the amount of chemical
energy in fossil fuels, Present-day types of
nuclear power reactors using uranium-235,
however, release only about 1% to 2% of the
potential energy; and for reasons of current
economics can use only high-grade uranjum ores.
On this basis large-scale nuclear power production
using uranium-235 would not be expected to
last for more than about a century. Breeder
reactors are being developed, however, and are
expected to become a commercial reality in the
1980s; these reactors will be able not only

to release most of the potential nuclear

energy, but also to use economically large amounts
of uranium-238 and thorium which exist,
providing reserves for several hundred years

or longer depending on assumptions made as to
population growth and per capita

electricity usage,

Economic production of elactrical energy based on
nuclear fusion is at present only a hope for the
future. If the deuterium — deuterium fusion
reaction can be harnessed the seas constitute a
much larger potential source of energy than

any of the others mentioned above. If, however,
the fusion reaction used is based on deuterium

and tritium produced from lithium-6,

which seems to be the easier route, the potential
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energy avail~bile will £ limited by the amount
of lithium-6 which ::-2y be drawn upon. One
estimate is that the potential resources of fusion
energy in this case would be about equal only
to fossil fuel resources.

The market price of fossil fuels will most certainly
increase as the more easily recoverable resources
are used up. The same is true of uranium and
thorium ores, but the cost of fuel is a small
fraction of the costs of nuclear power, whereas

it is the largest part of the cost of “conventional”’
power, derived from fossil fuels.

The projected role of nuclear power

The primary role of atomic energy is most likely
to be in electric power production, though
dual-purpose plants will also supply some

heat for desalination, space heating and industrial
applications. Other uses, such as ship propul-
sion, will be small relative to electric

power production.

Atomic energy is already economically competi-
tive for base-load application in electrical grids
large enough to accept unit sizes of about .
6500~ 600 MW(e) or larger, and there are indi-
cations that nuclear plants in the 200 — 400 MW(e)
range may become competitive in some
developing countries. It seems likely that nuclear
plant orders will account for half the capacity

of all orders in some industrinlizi:d countries
during the next decade, and tha :otal installed
generating capacity worldwide will be 50% nuclear
by 2000. [It should be noted that since nuclear
plants will be used mostiy for base-load appli-
cation they will generate then more than 50% of
the total electricity produced.]

For the reasons listed below it is predicted that
nuclear power will actount for an increasing
fraction of new plant orders, reaching up

to 90% of new plant orders by the year 2000:

@ the long-term trend in the cost of fuel is
upward for both fossil and nuclear fuels, but the
cost of nuclear power is much less sensitive

to the cost of fuel. This will be true to an even
greater extent for breeder reactors.

@ transportation costs are a large fraction of the
delivered costs of fossil fuels, but only a small
part of nuclear fuel costs. |n addition, one

must consider not only the costs involved

in transportation, but the feasibility of developing
further transportation systems to move the huge
amounts of coal that would be required if
nuclear power were not developed.

® environmental protection requirements may
add substantially to both capital and operating
costs of fossil-fuelled plants. In some countries,
too, the costs of coal are already increasing as a

4 - i
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result of measures taken to improve safety

in coal mir1s, and the need to restore strip-mined
areas. Even with improvement of working
conditions in mines there may be problems in
finding enough miners. Nuclear plants, however,
have been regulated stringently from the
beginning and additional requirements which may
be imposed are expected to involve relatively
smaller cost increases. Enactment of increasingly
more stringent air quality standards in
industrialized countries could accelerate the trend
toward nuclear power plants.

@it is said increasingly often that coal reserves
should be conserved as a resource for use in
the chemical industry, rather than being used
as fuel.

It should be stressed that nuclear and conventional
fuels do have a complementary role to play, as
well as a competitive one. Because of the way in
which load varies with time in an electrical grid,
and the nature of the econamic characteristics
of nuclear and fossil-fuelled plants, it is most
likely that the economically optimal system will
consist of a balanced mixture of base-load
nuclear plants and peak-load fossil-fuelled plants.
In some countries the balance may be affected
further by alternative sources of energy and

the state of their technological development.

The Nuclear Fuel Cycle

The basic fuel for nuclear power plants today

is uranium; thorium will become important in a
breeder reactor economy, After uranium ore

is mined the uranium is separated from the

ore in the form of a concentrated oxide. (See Fig.2)
For the nuclear reactors most commonly used

at present it is necessary also to enrich the

natural uranium slightly, that is, to increase the
ratio between the fissionable isotope (uranium-235)
and the 140 times more plentiful fissionable
isotope (uranium-238), which is not easily fission-
able but is fertile. This is accomplished by conver-
ting uranium oxide into aaseous uranium hexa-
fluoride (UF¢) and passing this through diffusion
equipment in which the relative abundances of

the lighter and heavier isotopes are varied, .
Gaseous diffusion plants are operated at present

in five countries. In due course they may be
supplemented by gas centrifuge plants for

uranium enrichment which are now being
developed.

The enriched uranium hexafluoride is processed
chemically to metal or oxide, which are then
fabricated into fuel elements and clad with a gas-
tight metal tubing. The fuel elements are

o e -
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Figure 2: The nuclesr fuel cycle
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_ transported to the power station for foading into

the reactor.

Up to this point in the fuel cycle all of the waste
products contain only naturally-occurring
radionuclides and products useable as fuel which
are recycled from fuel reprocessing. The radiological
problems that arise are due only to

the concentration and re-distribution of these
radionuclides. However, in the reactor the fuel
undergoes nucfear fission, in which the fuel

splits into radioactive fragments and energy is
given off in the form of heat which is used

to convert water into steam for driving the turbines
which produce electricity , .. Radioactive
materials are also produced in the reactor by

the interaction of neutrons emittec during fission
with corrosion products, impurities, fuel

cladding and structural materials,

*Spent” fuel elements, in which only a

fraction of the uranium has been consumed,

are removed periodically from the reactor and
replaced with fresh ones. The remaining
uranium, the fission products (inciuding gases)
and plutonium formed during reactor

operation are | etained essentially within the fuel
cladding. Normally it is desirable from the
economis: point of view to reprocess t::e spent
fuel to racover the valuable uranium and
plutonium. These can then be returned to a
fuel element fabrication plant for manufacture
into new fuel elements, or the uranium may

be retumned to a gaseous diffusion or other plant
for re-enrichment. The fission products and

the remaining transuranic elemeats are removed
and processed so that some of them can be

used in industry, research and medicine;

the remainder are contained and manage-- ;= “e
long term as discussed later in this text. * ¢
plutonium produced from the uranium-2:" i1 the

initial fuel is especially important, for this
may be used as new fuel for present-power reactors
and also for future fast-breeder power reactors.

Well over 99.9% of the radioactivity ger.erated in
power reactors is retainect within the fuel
elements until they are reprocessed. Because of
this, and the fact that one fuel reprocessing

plant may serve a large number of power
reactors, it is at this stage of the fuel cycle that
fong-term management of radioactive wastes
becomes especially important. Low-level

wastes may be released to the environment,
following appropriate treatment, if they can be
safely diluted and dispersed. The major objective
of the high-level waste management programme

is to keep the great majority of the potentially
dangerous wastes isolated from the human
environment for a time fong 2nough to allow them
to lose their radioactivity thicugh decay. As
discussed later, the techniques used ¢c

. accomplish this degree of isolation differ depending

on the geologic conditions in the various countries
where fuel repronessing is carried out.

One ton of slightly enriched nuclear fuel will
produce about two hundred million kilowatt hours s
of electricity, which is enough to satisfy the :
needs of about 70000 people for a year

(this figure is based on present-day per capita

consumption in Europe). [See Fig.3}. Reprocessing

of this amount of spent fuel gives rise to about

0.4 to 0.8 cubic metres of high-level fiquid

wastes, or about 0.04 cubic metres of y
solidified waste. i

Environmental Aspects
of Nuclear Power Prodiiction

As in any major technical enterprise there are
environmental aspects of nuclear power
production which require particular attention. in
this respect the nuclear power indu:stry has been
since its inception fully aware of the need to
ensure public safety and to prevent damage to
property and to the environment as a whole.

Radioactivity

One of the most obvious problems associated

with the nuclear power industry is ir: the generation
and potential release of radioactive materials. A
The rate of generation of radioactive materials

in a nuclear reactor is primarily a function of the
rate of heat production, and hence electricity

it
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production after making aliowance for
thermal efficiency.

Provisions are made in the design and siting of
power reactors and of ancillary nuclear

facilities to cope with potential accidental
releases of radioactivity as well as with routine
releases. The principal constraints, in general, are
imposed by the consideration that must be given
to the highly improbable but potentially dangerous
serious accident. As a result, radiation doses to
members of the public at large during routine
operation have been only a very small fraction of
those from natura: background radiation and

of the fevels set in internationally accepted
radiation protection standards.

The technology required both to prevent accidents
and to mitigate their consequences should they
occur is fundamental to the designing of

nuclear installations in such a way.as to afford
maximum protection to the environment,

The safety record of the nuclear industry has

been particularly noteworthy: the few accidents
that have occurred have been well within the
capability of the installations concerned to contain
the abnormality and to protect the public,

But the projected growth of nuclear power and the
potential public heaith risks involved, however
smali, require that diligent controls should
continue to be practised. The public is quite aware
of the risks involved, and it is necessary and
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proper that the nuclear industry keep the public
informed about the careful controfs that are
exercised to minimize these risks. The timely
public acceptance of nuclear power may be as im-
portant as is the development of the technology
itself,

Low activity liquid and gaseous wastes are released
routinely from reactor power stations, fuel
fabrication and reprocessing plants after
appropriate treatment. Low activity solid wastes,
including the residues from treatment of low
activity liquids and gases, are generally disposed of
by burial in the ground, aithough some are being
disposed of in the deep seas.

High activity liquid wastes arising from fuel
reprocessing are concentrated and isolated very
effectively in long-term storage; subsequently
they may be converted to a solid form and
stored in some form of deep repository.

Thermal discharges

No method of converting heat to electricity uses
alf the heat which is available. Modern steam
turbines operating with fossil fuels and using high
pressure and high temperature steam attain
thermal efficiencies of 40% or more. Most
present-day nuclear power plants are thermally
less efficient than these modern fossil-fuelied
power plants, aithough they are comparable in
thermal efficiency to the average of all fossii-
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fuelled power plants now in operation. In fossil-
fuelled power plants part of the excess heat is
released to the atmosphere in the flue gases,
whereas in nuclear power plants essentially all of
the excess heat is transferred to the cooling water.
As a result, a nuclear power plant in which the
cooling water is used only in one pass through the
cooling circuits (a once-through design) will
discharge about 50% more waste heat to

the receiving waters than a fossil-fuelled power
plant producing an equal amount of electricity.
Gas-cooled and liquid-metal-cooled advanced
reactors of the future are expected to attain higher
thermal efficiencies, equal to or exceeding those
of conventional plants.

There is no doubt that the discharge of waste heat
into public wateiz Joes modify the aquatic environ-
ment. The question is whether this modification

is perceptibly harmful or beneficial, and whether it
affects water use significantly, Knowledge of

the aquatic life present in the receiving waters,
coupled with use of engineering techniques
designed to minimize the impact of the'release of
waste heat, can enable power plants to meet

the desired standards of water quality. If there is
not enough water available to meet these

standards with a once-through cooling system then
provision must be made for aiternative systems:

for example, cooling towers or cooling ponds

are being used in many power plants, both nuclear
and conventional, to recycle cooling water and
thus reduce the effects of the release of waste heat
to accepcable levels.

Transportation

The various components of the nuclear fuel cycle
are inevitably at different locations — a power
station here, a reprocessing plant there. This may
require the transport of nuclear materials, ranging
from ores to spent fuel elements and solidified
high-level wastes, over large distances. Although
the number of such shipments in transit at any
given time may become quite high, the accident
rate in the transport of hazardous cargoes is much
fower than that for normal shipments. The IAEA
has drawn up regulations applicable to all modes -
of transport by normal conveyances which have
been widely accepted by national authorities

and by organizations concerned with the inter-
national transport of goods. The regulations pro-
vide for the design and testing of containers for
highly radioactive shipments to standards which
ensure that even in the event of a serious accident

there should be no loss of radioactive material
to the environment.

Decommissioning of nuclear instaliations

This problem is touched on here in order to
paint as complete a picture as possible of the
difficulties which can arise in connection with
nuclear power; it is not so much that jts
importance is comparable with that of the other
problems discussed.

Taking into account the 25 to 35 year life of
nuclear power plants, we must expect that

in about 1990 a number of power plants will need
to be decommissioned, and that thereafter this
number will rise rapidly. The decommissioning of
power stations, even conventional ones {(which

are as a rule larger in size than nuclear power
plants), is a costly procedure. Despite their
smaller size, nuclear power plants would be more
costly and difficult to decommission because

of the radioactive substances remaining in

the structure of the reactor and the primary
circuit, although these are only a small part of

the whole installation. |f there has been an
accident in the reactor the problems of dismantling
will be more difficult, and if a serious accident

has occurred it may be prudent to abandon

the reactor in place, taking appropriate precautions
to avoid spread of radioactive materials and to

. restrict access to the area. it can be said that

on the basis of present technology the decommis-
sioning of reactors is quite feasible: successful
operations of this type have been undertaken
(the SL-1 and EIk River reactors in the US, and
the Lucens reactor in Switzerland).

The problem now being studied is concerned
rather with the ease and cost of operations. it is
believed and postulated that some extra means
adopted at the design stage could make decommis-
sioning mucts easier, Even the basic need for
complete decommissioning of nuclear power
installations is being discussed. It seems quite
possible to provide for siting of nuclear power
plants in nuclear power *’parks’’ which

would continue to be used during fong periods’

of time. New units would be built there to
replace old ones, and public access to the site
could be restricted, making it unnecessary to
remove completely the most complex components
of obsolete installations. Many factors enter

into this discussion, among them the need

for adequate cooling water resources for operating
facilities.
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Introduction

Nuclear power stations are designed and operated
in such a way that they release only an
extremely small amount of radioactivity to the
environment during routine operation or even in
the event of a major accident.

Almost all radioactivity is prevented

from bcing released

by one o? the folicwing four mechanisms:
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®radioactive decay at the station;

@ containment within components during the
life-time of the reactor system;

@ periodic removal to fuel reprocessing plants
within the used fuel elements; and

@ disposal in solid waste.

The amounts of rad;oactivity in gaseous and
liquid effluents releasnd to the environment are
limited by law in each country to meet standards

> of radiation exposure of the general public, and
d make up a very small fraction of the total amount
generated.

National radiation exposure standards quite
generally are based on recommendations
by the International Commission on Radiological
Protection (ICRP) for maximum permissible
external and internal {i.e., from the intake
of radionuclides) exposure. These recommen-
dations have evolved from numerous studies
in many countries of somatic effects
and hereditary effects (damage to descendants) at
high radiation exposures. Information is also
obtained from animal research. Dose
limits have been established at radiation exposure
levels which are considerably lower, at which
somatic damage and hereditary effects are

" balieved to be at very low incidence. Maximum
permissible body burdens (MPBB) and
maximum permissible concentrations
(MPC) of radionuclides in air and water have been
calculated from these dcse limits on the basis
of observation of the metabolism, i.e.
retention, movement, distribution and elimination
of radioactive material from the body of a
‘reference man’.
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protection

The derivation of radiation protection standards

has been clearly formulated in a series of

ICRP publications, but it is a complex undertaking.
Radiation effects depend on the type of radiation,

its intensity, the exposure period, the extent to

which the body is irradiated, and a number of factors
that affect the radiation susceptibility of a person.

In applying information from ahimalstudies to humans
differences in metabolism and response must be
evaluated carefully. Further, effects at maximum
permissible values have been computed

by assuming that the ratio of effect to exposure

is the same as at the much higher exposures at which
effects were observed (the linear dose-effect
hypothesis). This calculation is believed to be safe and
conservative, although the actual relationships .
cannot be proved on the basis of direct observation.

The radiation exposure of the public at large as a
result of the operation of nuclear power facilities is
controlled usually by limiting the rates of

release and concentration of radionuclides in
effluents so that standards will not be exceeded

for the group of persons exposed to the highest
radiation levels. Compliance with these

limits is checked by measuring the radioactive
content of effluents. In addition, environmental
surveillance may be undertaken to confirm that
environmental reconcentration processes do

not lead to undue exposure of members

of the public. Although all environmental processes
are considered, experience generally has shown
that certain radionuclides and snvironmental
pathways make the greatest contributions ;
to radiation dose. These radionuclides and path- "
ways and the population group receiving the {
highest radiation doses are termed “‘critical”’ and ]
are subject to special attention in environ- 3
mental surveillance programmes. The ’%
environment may also be monitored to check on k
effluent data and to provide direct radiation
measurements in emergencies.

In some countries there has arisen recently a
growing opposition to the building and operation
of nuclear powsr stations. Concern sbout
radioactivity discharged routinely in effluent air
and water has three foci:

® that radiation effects at reported exposure levels : |
couid be much more severe than indicated in
ICRP recommendations;




® that radiation exposures could be much greater
than computed from discharge data; and

@ that radiation effects, although believed on

the basis of the linear dose-effect hypothesis to
ocetir infrequently, nevertheless could be
unacceptable,

Those who challenge the ICRP standards argue
that exposure of a large population group to

the allowable maximum would increase
markedly the number of cancer cases, and would
cause thousands of genetic deaths. At least

one research worker has carried this general line
of argument so far as to calculate a correlation
between very low levels of radioactive emissions
from power plants (which are a small fraction

of ?atural background) and infant mortality.

The complexity of the subject does not permit an

- adeqiuate treatment in a booklet of this type,

but several key points should be stressed.

When discussing existing radiation protection
standards one can state that not all scientists agree
about them. As one journalist commented:
When scientists disagree, reasonable non-
scientists have to fall back on the faith of the
majority.” The guidance that forms the
backbone of radiation protection standards comes
from independent scientists chosen specifically
for their competence in the field. No single
individual nor single agency has made these basic
determinations unilaterally.

The radiation protection standards which are
generally acceptable today are by no means

fixed and final. Data on the effects of radiation,
from both national and international programmes,
are reviewed by expert committees on a

continuing basis both nationally and internationally.

. From the bio-medical standpoint arguments as to

the adequacy of current standards centre largely
on the calculation of risk for the very low

dose range; that is, at the level ot the natural
background and below. To make such calculations
one must make certain assumptions and extra-
polate from the region of high dose rates and dose
levels, for which there is experimental evidence,

to exposure levels at such low dose rates and

dose levals that effects, if any, have not been
observable. All such calculations contain

a degree of uncertainty, and argaments have arisen
as to what that degree of uncertainty is. Some
even ignore this uncertainty entirely and

base their public statements upon the upper
values calculated by them, treating them as fact.
As one observer has stated: ‘“They put forth

their projections not as hypothesis but as

fact, saying their mortality rates will — not

might — occur.” Al such calculations, to

be meaningful, must refiact the uncertainties
involved. Scientists generally use a linear
dose/effect relationship to project from the doses
at which quantitative information has been
obtained to the low dose region. However, ICRP
has cautioned that:

It must be borne in mind that in some instances
this may lead to a gross overestimate of the
incidence of effects from chronic low level
exposure; indeed, some of the effects may not
occur at all,”

The arguments over accuracy of calculation of
risk from exposure at levels comparable to
background or lower are somewhat academic for
two reasons: :

®They led those who first adopted this approach
to the assessment of risk to the conclusion

that until more is known about low level effects,
to be prudent one should not expose people

to any higher levels of radiation than is necessary.
Although upper limits were identified as a

frame of reference these were recommended in
accordance with a guiding philosophy which gave
encouragement that exposures be kept as low

as was practicable.

®People are being exposed to only small

fractions of the amounts identified as upper limits
as a result of nuclear power production. Radiation
protection standards as implemented are serving
to keep exposures received by the public asa
result of nuclear power production well below the
levels identified as the maximum allowable. Such
exposures averaged over large population groups
are but a small fraction of the natural background,
and will continue to remain so for any reasonable
projections of the growth of nuclear power pro-
duction that one can now make.

Concern about possible catastrophic accidents has
its source in the expected rapid increase in the
number of stations. Speculations as to the
frequency of accidents and their possible effects
are extensive but arbitrary, in view of the

brevity of operating experience — 15 years for a
few small reactors and 10 years for some of
intermediate sizs. Until now, no widespread acci-
dental environmental contamination arising

from the operation of a nuclear power

station has occurred, and no adverse effect on
public health has been observed to resuit

from operating such stations. The only

such incident that has occurred was at a plutonium
producing reactor {at Windscale in the UK)

which was not equipped with the

enginzered safeguards required for nuclear power
reactors, and even in that situation there was

no demonstrable harm to any member of

the public, Yo
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Basic Radiation Concepts
Radionuclides are formed within nuclear reactors
by several processes. Fission products are
generated by nuclear fission within the fuel.
Activation products arise through interaction of
neutrons with materials — coolant medium, reactor
vessel, cladding, gases dissolved in liquid

coolant — that surround the fuel. Transuranium
elements (neptunium, plutonium, etc.) are
formed by neutron activation of the fuel. The
fuel itself is composed of natural radioactive
material, usually uranium.

Most radionuclides remain in place within fuel
or reactor materials. A small fraction leaks
from fuel through minute imperfections in its
cladding or erodes from other materials or recoils
from them, and combines with the radioactivity
originating in the coolant medium. Much of
this radioactive materlal, in turn, decays or is
retained within the system. A small fraction
routinely leaves the system as gaseous and
particulate effluents to air, in liquid wastes
discharged to rivers, lakes or oceans, and in solid
wastes for burial at specially controlled sites.
After use, the fuel is first stored at the

reactor to reduca its radiation level by decay,
and is then taken to a fuel reprocessing plant.

The amount of radioactivity associated with
inventories or releases is commonly expressed in
curies®. Different radionuclides not only

have wide ranges of values for their radioactive
"half-lives”’, the periods during which their
activity decays by half, but also for the amounts
that may be deposited in different organs of

the body, if ingested or inhaled, and in

their rates of elimination from the body. To
determine biological effects one must know

not only about the quantities of the specific
radionuclide involved in curies but also

the type of radiation emitted as the atoms
disintegrate (aipha, beta or ggmma), the total
amount of energy emitted per disintegration, the
rate at which this energy is absorbed in an
organ, the biological and radioactive rates of
elimination and the mass and radiosensitivity of
the tissue involved.

These factors are then considered in the
calculation of radiation dose. The basic unit of
dose for measuring the ionizing radiation
energy absorbed ir nassing through a medium
such as body tissue is the rad§ (one-thousandth
of a rad is a millirad, abbreviated mrad}. For

* A curie is 8 special unit of sctivity equalling
3.7 X 10" nuciear transformations per second.

§ A rad is defined 8s the unit of adsorbed dose equal
to 0.01 Joules per kilogram in sny medium.
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radiation protection purpos:;, it is desirable to
consider the racs of absorbed energy from |
each type of -adiation weighted by factors charac-
terizing itz quality, biological effects, distribution |
factor and any other necessary modifying factors.

The quantity that is obtained by the weighting

of the absorbed dose by these modifying

factors is colled the dose equivalent.

In this paper, the shorter term ‘dose’ is sometimes
used for the sake of convenience, even though

the meaning is strictly ‘dose equivalent’. The dose
equivalent is equal numerically to the dose in

rads multiplied by the Quality Factor and

any other modifying factors recommended by
ICRP. The unit of dose equivalent is the rem.

In this way, the biological effect from

different types of radiation or from a mixture of
radiations can be expressed on a common scale,
which has as its unit the rem (one-thousandth

of a rem is a millirem, abbreviated mrem).

The Quality Factor for gamma rays and beta
particles is 1; and for alpha particles 10. Thus,
assuming other modifying factors to be

unity, exposure to 1 rad of gamma rays is equiva-
lent to a dose of 1 rem; to 1 rad of alpha

particles, 10 rems. Doses described in terms of
rems are additive. A person absorbing

1 rad each of alpha and gamma radiation in an organ
would receive a total dose of 11 rems in

that organ.

Biological Effects of Radiation

Biological damage by ionizing radiation has been
studied intensively fcr many decades. The effects
of radiation on biological systems have been
examined in animal experiments, radiation
accident victims, survivors of atomic bombs at
Hiroshima and Nagasaki, patients undergoing
radiation therapy, and persons exposed to
radiation in the course of their work. Biological
effects are classified broadly as somatic,

occurring within the exposed individual, and
hereditary, those affecting descendants by
altering genes. Exposures are classified as acute
(brief) and chronic (continuous). An acute
exposure at a radiation dose of hundreds

of rads produces aimost immediate effects, known
as the acute radiation syndrome. Most persons
incur exposures that are chronic at low levels;
effects, if any, may be delayed for decades.

Some typical late somatic effects manifested in man ;
from high doses include leukemia and other ;
malignancies among patients treated by . !
X-rays for spondylitis and among atom bomb sur- i
vivors, lung cancer in uranium miners, and i
bone cancer among radium watch dial painters.
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Alterations (mutations) of genes can be produced
by radiation, as well as by chemical

mutagens and physical causes such as heat.
Mutations are usually considered to be detrimental.
Those occurring in germ cells can be transmitted
to offspring; their effects. which range in

severity from inconspicuous to lethal, may not

be revealed until many generations have passed.
The United Nations Scientific Committee on

the Effects of Atomic Radiation (UNSCEAR)
reports that serious genetic detects are observed
in about one per cent of live births and that
natural radiation can account for no more

than a small fraction of natural mutations in man.

Some questions about the biological effects of
radiation remain unanswered, particularly those
concerning somatic and hereditary damage from
continuous doses of radiation not much higher
than the natural background. Is there a safe
threshold dose for somatic effects — that is,

a level below which no effects can be observed?
Leukemia induction has lyeen demonstrated
clearly at doses above 100 rads, according to the
ICRP, but the existence ot a threshold dose
below this level is still uncartain. UNSCEAR
indicates that cataract: nccur after chronic
exposure to 500 rads of Heta or gamma radiation
or 200 rads of mixed gamma and neutron
radiation. Because of the limitation of

numbers in experimental populations, animal studies
of genetic exposure fail to indicate a dose or
dose rate below which the probability of

effect is zero. Some controversy exists among
geneticists about this; for example, a recent
investigation indicates that among female

mice there does occur what is for practical pur-
poses a threshold dose rate.

Some concern is often voiced that additional here-
ditary damage may be incurred by the generat
poputation from proliferating nuclear

activities. Not only the affected individual’s mis-
fortune but the burden imposed on future

society by an increase in the number of

persons with mutated genes must be considered as
well. A subject of current interest is the amount
of exposure equivalent to the ‘’doubling” dose,
that is, the additional quantity of accumulated
dose to each member of a population within
child-bearing age that effects an eventual doubling
of the mutation rate. Present estimates,

according to UNSCEAR, are that a chronic
irradiation of 100 rads or possibly highar is neces-
sary. Since the dose from natural radioactivity is
much less than one per cent of this range, it is
believed that an additional dase on the order uf
that from nature would cause no measurable
increase in the mutation rats.

There is insufficient information at the moment to
give unequivocal answers to all questions of
radiation effects. For example, at low

doses, effects may vary with the dose rate. Not all
forms of injury may be known. To what degree
does tissue repair damage after irradiation? Is

the frequency of effects greater for persons
continuously exposed to higher than nermat
natural background radioactivity? In view of
these incompletely answered questions a
conservative approach has been used in arriving at
radiation protection standards. In the mean-

time work to answer these questions is continuing.

Knowledge about the relationship between dose
and frequency of effects is required by those
responsible for establishing permissible human
exposure levels. Studies of abnormally

exposed persons mentioned previously have
yielded much information, but dose-response
estimates based on the data #re very approximate
due to uncertainties in total dose delivered

or total exposure period.

Research with animals has been valuable in
confirming the effects from high doses observed
in man, but the results cannot be related
directly to man due to inherent biological
differences. Radiation sensitivity is too variable
between species or even strains 10 enable the
drawing of valid conclusions about threshold levels
or the occurrence of delayed effects from
chronic exposure. Moreover, statistically accept-
able studies require vast populations exposed

to radiation near background dose levels.

In the absence of definite evidence, frequency of
effects can be related to low doses in several

ways. A conservative method is to assume

no threshold and extrapciste a straight line
downwi ~d to zero dose from the higher dose-
responsi: 1. vels where more data are available. This
provides a line of maximum likely risk. On the
other hand, one may select a threshold dose

level below which no response is believed to occur —
an approach used to set tolerance standards for
many toxic substances, The latter requires
decisions concerning the threshold level

and the shape of the dose-response line.

Basic Radiation Protection
Standards

The basic standards for radiation protection have
been recommended by the International Commission
on Radiclogical Protection (ICRP). The ICRP is an
independent body of 13 intarnationally recognized
experts drawn from many countries and a variety of
professions — genetics, biology ;radiobiology, medicine,

11




chemistry, physics, radiology, engineering, mathe-
matics, etc. The ICRP was formed in 1928 under
the auspices of the Second International Congress
of Radiology to lay down guidelines to the
medical professions for exposures to

X-rays and radium. 1n 1950, the Commission was
reconstituted to provide radiation protection
guides for the increasing application of the

atom for power production, in faboratory research
and in industrial processes, and for the handling
of radioactive waste, and so on.

The function of the ICRP is solely advisory; it
considers fundamental principles upon which
radiation control practices can be based.
Recommendations by ICRP have no legal force,
recognising that the factors affecting risk-

benefit evaluations may vary from nation to
nation. Many countries have established national
committees of experts to assess their own national,
economic and social considerations for the
formulation of policy and regulations.

For example, the United Kingdom has the Medical
Research Council’s Committee on Protection
Against lonizing Radiation, Japan has the
Radiation Council, and the U.S. has the National
Council on Radiation Protection and
Measurements. The United Nations has authorized
the International Atomic Energy Agency to

set standards for its operations.

In formulating dose limits the ICRP considers
that, if man wishes to obtain the benefits
of nuclear applications, he must recognize that
there is a degree of risk involved and that
the benefits must be worth the assumed risk.
According to the ICRP, “the objectives of radiation
protection are to prevent acute radiation effects,
and to limit the risks of late effects to an
acceptable level”. For purposes of radiation
protection, any exposure is assumed to entail a risk
of biological damage, a risk that increases in
proportion to the dose accumulated. In other
words, the frequency of effects such as leukemia
or cataract formation observed at high doses
for relatively short periods has been extrapolated
linearly to low chronic radiation doses. As
discussed previously, this approach is conssrvativs,
expressing maximum likely risk and implying
that there is no wholly safe radiation dose. The
ICRP states in its Report No.9 that, in absence of
positive knowledge that a threshold dose leve!
.exists, *’the policy of assuming a risk of injury at
low doses is the most reasonable basis for
radiation protection” even though such
calculations may over-estimate the real risk
involved. Therefore, the basic recommendation
of the ICRP is that radistion doses should be
as low as is practicable and in any case should not
exceed dose limits prescribed for various organs.
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The latest dose limit recommendations for somatic
effects in individuals and for hereditary effects

in whole populations were adopted by the -

ICRP as from 17 September, 1965, and are
published in Report No. 9, referred to earlier. The
limits for individuals are expressed as doses permit-
ted to various organs and tissues in the body,
considering the radiation sensitivity and

size of these tissues.

Two categories of individuals are recognized for
dose limit purposes: adults exposed in the
course of their work and individual members of
the public. This distinction is made because
radiation workers constitute a small population
that has accepted employment voluntarily and
undergoes periodic medical e caminations.
The hazards to which they m.ay be exposed are
anticipated normally and are monitored and
controlled to ensurethat pern:iseille dose
values are not exceeded. The general public, on
the other hand, is a much larger population
and therefore may accumullate a greater
number of radiation effects. Members of this
population may have no choice about exposure
and may receive no direct benefit from it.
They may be exposed environmentally for a
greater number of years than the typical duration
of employment. In addition, the public includes
children and embryos who are more sensitive to
radiation, and adults who may be more
susceptible to damage. For these reasons, dose
limits for individual members of the public
are recommended to be 10 per cent of the annual
doses permitted for radiation workers.
The ICRP recommendations given in Report No, 9
_f'grb individual members of the public are listed in
able 1.

Table |,
Dose Limit for Members of the Public

‘e
Dose limit, rem/yesr

Organ or tissue

Gonads, red bone-marrow 0.5*
Skin, bone or thyroid 3.0**
Hands & forearms; feet & ankles 75
Other single organs 15

* Gonads and red bone-marrow are considered 1o be
the critical organs when the whole-body is exposed uni-
formly; dose limits for these organs also apply to afl
cases of uniform irradistion of the whole body.

* * For children up to 16 years of sge the dose limit
for the thyroid is 1.5 rems/year.
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The most stringent dose limitation is to ensure that
the risk of damage to the total present and

future genetic structure of the general

public remains exceedingly low. The ICRP assumes
that hereditary effects are related linearly to the
gonad dose. It recommends that the “genetic
dose” to the population should be kept to

the minimum amount consistent with necessity anc
should certainly not exceed 5 rems from all

sources additional to the dose from natural back-
ground and from medical procedures over the
normal period of child-bearing, taken to be

30 years. The genetic dose limit is to be applied

as an average to the total population, allowing
some members, such as radiation workers, to
receive higher doses since others are likely

to experience lower exposures.

The ICRP deems it important that no one
radiation source, such as nuclear power piants,

. contribute inordinately to the population dose.

The commission recommends that any
unnecessary exposure to radiation

workers and the public alike be avoided and that
all doses be kept as low as is readily achievable,
taking into consideration economic and

social factors.

The dose inc.rred in any organ or tissue is the sum
of exposure i.om external and internal sources,
The total de::2, particularly from internal

deposits of radionuclides, is difficult to measure
directly. Secondary standards have therefore
been computed by the ICRP to limit concentra-
tions of individual radionuclides in inhaled

air and drinking water, to be used when

these represent the major source of radionuclides
for the exposed group. Such values are based

on primary dose limits ceusidering the half-

life, types of radiation, transportability and some-
times the chemical form of the radionuclide,

and the fraction absorbed by each organ

{or tissue), the period of retention, organ size, and
average daily inhalation of air and consumption

of water by a ‘reference’ man. ‘Reference’

man is a model representing the average
anatomical and physiological characteristics of
European and North American adults. The

organ for which the lowest allowable concentration
of a radionuclide is set is referred to as the

criticat organ. These MPC values for

members of the public are aiso one-tenth as large
ss thase for radiation workers.

Derived Release Limits
The dose a nuclear facility contributes to each

member of the public is impossible to determine
in actual practice since exposure would need

to be measured individually and distinguished
from natural and other, man-made contributions.
Instead, derived release limits have been developed
for application in the facility design and

operation to ensure that radioactive discharges

do not exceed the primary ICRP dose limits for
the public. Such limits consist of upper values for
the rates of refease of radioactive materials

from an installation or for radioactivity levels in
environmental media that represent pathways

for movement of radionuclides from the

source to humans. Derived limits must be
promulgated and applied with restraint because

a profiferation of them, particularly those
developed for local conditions, could fead to
confusion that would undermine their purpose.

Derived limits sometimes include values for the
radionuclide concentrations in effluents and

are set as MPC values for air and water at

the boundary of controlied areas around nuclear
power stations, atomic research laboratories,

etc. They may be established for individual
radionuclides o for gross radioactivity; in the latter
case the limits are more conservative. In

addition or as an alternative, release

limits may be set considering the dispersion and
concentration of critical radionuclides along
pathways to critical populations, so that the
discharge limit will not lead to an exceeding of the
appropriate dose limit for the general public.

For example, at the Windscale reprocessing

plant, such release limits have been derived for
ruthenium-106 concentrations in Porphyra
seaweed from which laverbread is prepared, and
for external dose to fishermen from radio-
nuclides retained by silt in the local estuary. The
regulatory limits for releases are expressed in curies
per unit time, usually three months or a year.

Figurs 4: Psthways to men or radicective relesses to air
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Figure 5: Pathways to man for radicactive relsases to water here in Table I! pertain to the gonadal dose, which
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Various pathways by which radioactivity
discharged to water and air reach man are shown
in Figures 4 and 5.

The development of derived secondary standards
requires quantitative information concerning
discharged radionuclides, their environmental
behaviour in moving from a source to potentially
exposed populations, and the characteristics

of the population. Considerable data are
available on environmental processes such as
atmospheric dispersion, reconcentration by fish,
and transfer from cow’s feed to mitk. Invariably,
surveys at proposed facility sites are required

to identify critical radionuclides, pathways

and populations, and to determine the

extent of the effects of local environmental

processes on the behaviour of radioactive materials.

Natural Radioactivity

The natural ionizing radiation to which man has
been exposed continuously provides a basis

for evaluating potential effects from low-level
man-made sources. Natural radiation results from
cosmic rays which bombard the earth con-
tinuously from outer space, and from the decay
of radioactive substances on earth, Dose

rates from these sources to individuals are highly
varisble, depending on elevation sbove sea level,
local geclogy, seasons, dietary habits, time
spent outdoors, type of residential construction,
and so on.

The average dose rate received annually by the
world populstion from natural sources was
estimated for several critical body orgens

by UNSCEAR in its report to the UN Geners
Assembly for 1968. The dats summarized

was computed because the gonads are the
organ receiving the highest estimated dose.

Cosmiic rays striking the atmosphere cause multiple
nuclear reactions that yield radiations of many
energies. . Dose rates to man are highly dependent
on altitude and slightly on fatitude. At sea

level, the dose rate is estimated to be 28 mrad/year
at middle latitudes and about 10 per cent lower at
the equator. The dose rate approximately

doubles for each 1.5 kilometres above sea level

for the first several kilometres. Thus, doses

from this source are of greater significance

to populations living at high altitudes, aircraft
crews, air travellers, and space explorers.

Cosmic rays also produce radionuclides through
interactions with nuclei in air, land and water.

These may contribute to internal

human dose through inhalation or ingestion. The
most abundant long-lived radionuclide in air

from this source is carbon-14 at a concentration

of 1.310 1.8 X 10°'2 curies per cubic metre,

with beryllium-7 at slightly lower concentrations

and considerably smalier amounts of tritium
(hydrogen-3), phosphorous-32, and a number of others.

The earth contains other radionuclides believed

to have been formed during its creation, long-

lived primordial radioactivity derived mainly

from uranium and thorium, with small amounts of
potassium-40, and traces of rubidium-87, vanadium-50,
indium-115 and several others. Uranium and thorium
have many decay products,of which radium-226 and
gaseous radioisotopes of radonare of particular interest.

All of these naturally occurring radionuclides are
sources of external exposure, mostly from

ground deposits and to & certain extent from
construction materials such as brick, concrete, and
granite. Dose rates average 47 mrad/yesr.

This value varies for different regions, being
approximately 4 times higher for certain granite
regions in France and as high as 290 and

800 mrad/year in monazite sand regions of Brazil
and India respectively, Radon gas and its
radioactive daughters in air are also external
sources, but contribute only a small fractionto the
external gonad dose.

The internal dose from natural long-lived
radionuclides results mostly from potassium-40, an
isotope of elemental potassium, This is a

normal component of the body and is maintained
at its usual level by intake in food and by
metabolic turnover. Carbon-14 and rubidium-87
taken in in food and water together contribute
about 1 mrad/yesr. Radon-222 and a daughter
product, polonium-210, taken in mostly

from air, contribute about 0.6 mrad/yesr.
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Table 1.
Dose Rates from Natural Radiosctivity*®

Source Dose. mrad

External Irradiation

Cosmic rays 28.7
Terrestrial radiation 50

internal Radiation

oK 20
other radionuclides 1.6
Total 100

¢ estimated by UNSCEAR as average annual dose
to gonads received by world population,

Table HI.

Summary of Annual Whole-Body doses per Capita in
the United Statss from Atan-Made Sources®

Radiation Source Dose, mrem
Medical
Diagnostic 103
Therapeutic 6
Radiopharmaceutical 2
Occupstions! 08
Environmental
Globat fallout 4
Worldwide *H and *’Kr 0.05
- AEC instalistions 0.01
Nuciesr power reactors 0.002
Fuel reprocessing 0.0008
Miscelianeous 2.6
Totsl 114
Natural 130

* estimated for yesr 1971 by the U.S. Environmentsl
Protection Agency

Man-Made Sources of Radiation
Exposure

The world-wide populstion dose from man-made
radiation sources is still less than that

incurred from natural radioactivity, although the

backgreund level is being approached in at least
one industrialized nation. The average per capita
dose in the United States is estimated for

1971 to be 114 mrem, compared to the average
dose of 130 mrem/year from nature. Most
exposure is received as a result of medical
procedures for diagnosis and treatment of disease.
Global contamination of the environment with
radionuclides is primarily from atmospheric
testing of nuclear weapons, but contributes negli-
gibly to average per capita dose. Typical

annual whole-body doses in the United States
from various man-made sources per capita

are summarized in Table |11, where they are com-
pared with that from nature.

Studies conducted by the US Public Health
Service showed the main contributor of
exposure in the medical arts to be diagnostic
radiography. it is estimated that about 90 per cent
of the total dose to the US population from
man-made sources in 1971 was received from
this source. Approximately 5 per cent resulted
from irradiation for treatment of malignant

and non-malignant diseases, Radioactive
pharmaceuticals contributed less, and diagnostic
dental radiography, negligibly.

Occupational exposure did not add appreciably
to the total population dose. The portion of

the United States population classified as
radiation workers in 1969 was 0.4 per cent; the
average radiation dose was 210 mrems/year.

Most exposures higher than this were incurred by
medical personnel.

External population exposure from fallout arises
from radiations of environmental deposits, and
internal exposures arise from contaminated
food, water, and air passing through or absorbed
by the body. Most of the dose is from
strontium-90 (half-life of 28.5 years) incorporated
in bone tissues. Additional exposure is from
external irradiation by caesium-137 (half-life of
30 years), and, to a minor degree, from internal
irradistion by several long-lived radio-

nuclides, mainly carbon-14 (5730 years) and
caesium-137. Atmospheric nuclear testing

has now been reduced signifivantly hence fallout
debris from recent and older tusts has been
diminishing.

Negligible population exposure in the United
States resulted from radioactive releases

from 13 operating nuclear power stations. The
estimated average represents a very small fraction
of the dose from natural or other man-made
sources,

Operation of fuel reprocessing plants and USAEC
facilities also resulted in minute exposure to
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the total population. Larger, but still small, doses
are contributed from worldwide distribution

of man-made tritium in surface water and
krypton-85 in the atmosphere. Most of the
tritium has arisen from previous atmospheric
testing of nuclear weapons; smaller

quantities are due to natural tritium and

the amount from nuclear power reactors is a small
fraction of the total.

Miscellaneous sources of radiation exposure
include colour television sets, luminous watch
dials, radiation gauges, static eliminators, and so
on. These products contributed an average dose
of 1.6 mrem/year. Transport of passengers

and crews in aircraft adds 1 mrem/year

to the average population dose, based on the
average increase in dose equivalent rate from flight
at an altitude of 9 kilometres of 0.7 mrem/hour.
The average air crewman was estimated to
receive 670 mrem/year.

Doses from man-made radiation in other nations
would appear to be contingent on {ocal medical
practices involving radiation and their rate

of use by the public. Doses from other sources
would not be expected to differ drastically
since t'«e major contributor is global fallout.

The average population dose in the United States
in 1971 from nuclear power reactors and all
other nuclear facilities is estimated to be

0.013 mrem. This represents 0.008 per cent of the
genetic poywlation dose limit of 5 mrems in

30 years. Other countries report similarly small
contributions from nuclear power reactors.

in the United Kingdom reactor operation at 11
sites in 1970 yielded an estimated dose of

less than 0.003 mrem/year to the average indivi-
dual. Monitoring st the site of 160-MW(e) gas
cooled Tokai and the 330-MW(e) boiling water
Tsuruga stations in Japan has shown no
measurable addition to environmental
radioactivity since operations commenced. Small
but distinct increases above background radio-
activity levels were reported from operation

of the twin 200 MW(e) boiling water reactors at
Tarapur, india, but concentrations were well
below permissible levels,

The experience of many countries in the safe
operation of a number of types of nuclear reactors
has been most impressive and encouraging.
Although there have been malfunctions

of nuclear power reactors, in no case has there
been release of radioactivity to the environment
in amounts large enough to result in overexposure
of the general public. However, from this

fimited experience, it cannot be assumed that

the probability of release of large amounts

of radioactivity to the environment as a conse-

18 . -:ii

quence of an accident with a nuclear power
reactor is zero. It is safe to assume perhaps that
the probability of occurrence of major

accidents is many orders of magnitude smaller
than that of minor accidents, and major
accidents will occur very, very infrequently and
are not to be expected in the lifetime (approxi-
mately 30 years) of any given power reactor.

A major accident is commonly considered

to refer to one involving the release of thousands
to a few hundred million curies of radio-

activity to the environment. The probability of
major accidents with modern nuclear power
reactors of 1000 MW(e) or more is unknown, but
guesses range from as low as 10° to as high as
10™* accidents per reactor per year, depending on
the severity of the accident. The consequences
of an accident would depend, of course, not
only on the amount of radioactivity released to
the environment but upon many other

factors: for example, the average age of the
fission products, the type and quantity

of fissile and transuranic elements present, “he
kind of release (i.e., to river, up the stack,

. release following meitdown and explosive rupture

of the primary and leakage of the secondary
containment), the meteorological conditions at
the time (wind speed and direction, inversion
conditions, rainout, particle size distribution), the
population density in the neighbourhood of
the plant and the rapidity and efficiency with
which remedial measures are taken (e g., the
implementation of a well-though-out and
frequently rehearsed emergency procedure that
provides safe and rapid relocation of the poten-
tially exposed popu:lation and proper care of
injured).
Several attempts have been made to determine the
consequences of releases of substantial amounts
of-the radioactive products in a reactor accident.
Under adverse but possible meteorofogical con-
ditions and with an emergency system and
an early implemented evacuation procedure
meeting the mini:;num requirements of a good
public health program, it would seem that even
with 25% release of the iodine isotopes and 100%
release of the no- le gases (or a few hundred
million curies) from a 1000 MW(e) power reactor,
the exposure to a typical population in a

fitan srea would be maintained at less
than 2.5 X 10° man-rems of total body dose
and 30 X 10° man-rems thyroid dose. If one
applied the conservative assumption that there isa
completaly linear relationship between this
dose and the number of fatal malignancies, life

A Jspeness being examined under a Scintiscanner,
which mey be used to delineste the uptake of radicisotopes
within the body ss a pert of diagnostic procedures.
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shortening death equivalents, and first

generation genetic deaths and applied the
coefficients of ICRP, this hypothetical worst case
design (credible) accident would account for
something less than 500 deaths. This number
would include both the delayed deaths when
applying the linear hypothesis and the few prompt
deaths from "‘radiation sickness” of those
receiving large exposures of greater

than about 500 rem. The probability of such an
accident is considered to be extremely small
because of the engineered safety features

that are applied.

At the lower end of the scale of major accidents,
a few thousand curies (rather than a few hundred
miltion curies) of radioactive material

released to the environment would be expected
to contribute a total body dose of only about

25 man-rems and, on the same linear

hypothesis, this would result in no radiation
deaths.

if one very conservatively assumes that the most
severe accidents would occur at a frequency

of 10°° accidents per reactor year they might
contribute, in a system of 500 operating nuclear
power plants, up to two to three deaths per
year. These risks can be compared, for example,
with a hundred deaths per year in the United
States of people struck by lightning (88 in

1967 and 129 in 1968). Tha risks are very smalt
set against the number of deaths in a typicat

year resulting from accidents in air transportation
in the United States (1799 in 1967 and 1904

in 1968). Psychologicatl and public acceptance
factors need to be taken into consideration,
however, when considering possible nuclear acci-
dents. How would the public react to a

major reactor accident every twenty or thirty
years? and what will be its consequences

on the reactor programme? There is a popular
tendency to accept familiar hazards while
reacting violently to unfamiliar ones,

such as radiation and nuctear contamination. The
public is aware that radiation protection
standards are established on the assumptions,
which at present can be neither proved nor
disproved, that there may be genetic as well as
somatic effects from radiation, that effects

are cumulative and irreversible and that

there is no threshold level below which effects do
not occur. This is felt to be a conservative
approach but it is prudent to recognise

the possibility of major accidents, however remote,
and to undertake public health measures to
educate the public, to assure and convince

the public that proper care has been taken to
protect them by building a safe reactor,

caring for its good siting, ensuring its safe operation,
being prepared to minimize the effects of
possible accidents, and undertaking a

programme to improve power reactors and their
operations continually, thus reducing further

the probability of accidents and profiting

from experience with minor accidents.
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Introduction

Fission within nuclear fuel creates radioactive
substances with a wide variety of chemical,
biotogical and radiological characteristics. The
safety of both plant personnel and the public in
the vicinity of nuclear power plants depends to a
very great extent on the containment of these
products within the fuel, where they are formed
for the most part. In normal operation very
small quantities of fission products are released
from the fuel through defects in fuel cladding.
Management of these generally imposes no unusual
constraints on facility siting, which depends
largely upon considerations of accident
potential and consequences.

Exposure of the public to ionizing radiation due

to radioactive effluents from nuclear power

plants can be kept at small fractions of

the levels set in radiation protection standards for
routine operations, but it is recognised nevertheless

_ that nuclear power productions is but one part

of the fuel cycle. In order to examine fully

the overall impact of the use of nuclear fue! for
electrical power generation one needs to
consider the whole fuel cycle, beginning with
mining and milling and ending with the fina! dis-
posal of wastes from the operations carried

out at various stages. However, reactors are of
major interest to most members of the public
because there are more of them than of

other facilities in the fuel cycle, and they are sited
generally closer to electricity load centres —
broadly, people in towns.

When considering the effective management
{control) of radioactive effluents from reactors
and associated facilities one does well to

keep in mind that everything, including effluents
from all power plants, whether they use fossil

or nuclear fuels, contains some radioactive

material. The management of radioactive wastes
is concerned not so much with reducing levels

of contamination to zero or even to the lowest
possible level, as with keeping the total addition of
radioactivity to the environment as low as is
practicable — in any case, within the limits
recommended by ICRP.

The contamination of air by nuclear power plants
is predominantly by radioactive noble gases, which
do not concentrate in the body but are responsible
primarily for external radiation exposure. In
order to assure adequate radiation protection for
members of the public the concentration of
radioactive materials in air, water and food as a
consequence of reactor operations and ancillary ac-
tivities must be kept at such a low level that

the total risks of somatic and genetic injury are
exceedingly low, no greater than risks

introduced by other common industries.

These risks must be acceptable by the individual
and by the society of which he is a part.

Whenever practicable, radioactive materials are
concentrated and contained in isolation

from man’s environment unti! their

radioactivity has decayed to innocuous levels,
When release to the environment is necessary the
rates of release must be low enough not to
exceed the local capacity of the environment

to disperse and dilute the materials to acceptably
low concentrations. In this respect the
environmental processes that may lead to
reeoneentratlon and may provide a pathway for
man'’s exposure to additional radiation must

be considered.

Radioactive effluents released from nuclear power
plants are always monitored as a means of

control and pubtic protection. Additional, off-
site monitoring is carried out as a con-

firmatory means of environmental

protection, but in general releases have been so
low that little indication can be found of
radiation above natural background levsts.

- s
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The installations associated with other aspects of
the nuclear fuel cycle are fewer in number and
generally more remote from large centres of
population than reactors, but effective management
of radioactive materials to control both occupa-
tional and public exposure to ionizing radiation is
still required. In mining and milling

operations on uranium and thorium ores

required for nuclear fuel fabrication the principal
problems arise in occu pational exposures,
particularly thrcugh the inhalation of

radon gas and the radon daughter products. In

first cycle enrichment operations waste
management involves the effective

control of naturally-occurring heavy elements.
However, when spent fuel is reprocessed

for recovery of unburned uranium the

recovered product co ntains plutonium, which is
also valuable as a fuel.

The uranium recovered is returned to enrichment
plants for re-enrichment.

Fuel fabrication operations also require effective
management of these same elements.

in general, the provision of clean working conditions
for operating personnel and the strict
accountability of the fuel materials contribute to
the control of these materials.

Well over 99.9% of all the radioactivity generated
in nuclear power reactors is contained within
the fuel elements until they are reprocessed
for recovery of unburned fuel. Thus careful
control of the inventories in reactors and of the
spent fuel which must be handled
and transported to fuel reprocessing plants s
required.
A reprocessing plant may accommodate
the spent fuel elements from several power
reactors, and it is during the reprocessing of the
fuel that high-activity wastes are generated.
These wastes must be kept in containment for
very long periods of time, ranging from a few cen-
turies to possibly thousands of years, if they
contain substantial concentrations of
transuranic elements. Although storage as liquids
in tanks near the ground surface has been a
suitable and reliable method for containment
of these wastes to date processes of solidification
have been developed,
and some countries have alrrady decided

that such wastes will be
" solidified to reduce the potential “’environmental
mobility’’ of these wastes during long periods
of timé. Consideration is also being given
to various means of storage of these wastes, in-
cluding their storage in deep, dry and stable
geologic formations in order to assure further
their isolation from the hunfan environment for
the time required. :
20 26 TR .

Mining, Milling, Enrichment and
Fuel Fabrication

The mining of uranium ores is the starting point
in the production of fuel for nuclear power
plants. These ores contain oxides of uranium.
in relatively low concentrations, mixed or
combined with other mineials and rocks.

The radioisotopes associated with the uranium
ores are naturally-occurring decay products

of uranium, thorium and radium.

Mining gives rise to two types of waste, airborne
dust with someradon, and solid tailings
containing some uranium oxides and a very

small quantity of radium. The concentration of
radon is controlled by the volume of aii used

in ventilation. When airborne dusts are

a problem the air may be filtered and in special
cases, if necessary, the minsrs may use respirators
to limit their exposure to radiation.

The next step in preparing the uranium oxide for
use in fuel fabrication is the milling and
concentration of the oxide. The

. uranium-bearing ores are crushed into a relatively

fine form (like sand of fine texture) in
preparation for leaching of the utanium.

Since the uranium is only a small fraction — gener-
ally less than 1% — of this material the bulk of

it remains as tailings for disposal as both

solid and slime-like wastes. The quantities of
uranium oxides and of radium sulphate in

these wastes are limited purposely since

they are intrinsically valuable and must be ac-

_counted for; they occur usually in a finely-divided

state, and wet. The radioactivity of the uranium
is not a controlling factor at this stage —

. much more important is its chemical toxicity. The

solid and slime-like wastes are often deposited

. ona tailings pile where leaching of radium

and escape of radon can occur. Recent trends are
toward drying these wastes and storing them
in dry mines or incorporating them in

bitumen, thus isolating them from the environment.

The airborne wastes, again, are treated by
filtration and the use of adequate ventilation.
The nature of the operations here permits a close
control of the airborne materials.

Thorium is not used at present as a fuel for power
reactors, and its mining and milling has not

yet become an important source of radio-

active wastes. This situation could change in the
future.

The uranium oxide is commonly converted next
into uranium hexafluoride (UF}, which can

be maintained in a gaseous state. In this form

the uranium may be enriched in a gaseous diffusion
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plant in any of a number of countries; enrichment

is necessary to increase the proportion of
thermally fissionable 2**U to non-thermally
fissionable 28U from the natural abundance of
about 0.7% to about 2.2 — 3%, to make it

more suitable for use in the most common types
of power reactors. Unburned uranium from

the reprocessing of spent power reactor fuels may
also be recycled through the enrichment

plants. Gaseous wastes are filtered prior to
release to the environment.

After enrichment the uranium hexafluoride is
converted again to an oxide or to the metal for
use in the fabrication of reactor fuel elements.
Fuel fabrication gives rise to various types

of liquid, gaseous and solid wastes which are
slightly contaminated with uranium, its

daughter products and plutonium (when recycled
materials are used).

Nuclear Power Plants

Sources of radioactivity

Both nuclear and conventional power plants use
much the same type of machinery to convert
steam to electricity, and to connect this

20 the eiectrical grid. The uniqueness of the
vuclear plant lies in the fuel used, and more parti-
cularly in the equipment needed to maintain
strict control over the radioactive materials
formed by the fission process that generates heat.

- St

An open pit urenium mine in New Mexico. The spiral dump is of waste. Photo: USAEC

. « Fission products

The principal radioactive materials formed are the
fission products. The quantity of fission products

formed is small in terms of mass: in a large

power plant this will amount to only a

few kilograms each day. Since some of the fission
products decay as others are formed the amount
of radioactivity levels off and the inventory

of short-lived fission products reaches essentially
a steady value. Because the shorter.lived
radionuclides contribute substantially

to the total inventory of radioactivity in terms of
curies after a few weeks of operation of a
light-water moderated power reactor

using fuel slightly enriched in 23U the fission
product inventory might be up to ahout 40% of
what would exist after a two-year operating period.
More importantly, as will be explained !ater, all but
a very small fraction of the radioactive fission
products remain confined within the fuel
element where they were formed. The quantity
of fission products within reactor fuel elements
will depend upon:

©® average operating power level of the reactor

® fuel residence time in the core

® time elapsed for radioactive decay.

. . » Activation products

Structural materials used in the reactor and the
components which remove the heat from its
core will corrode and erode; only very slightly
with time — but enough to create fine

. RP@y
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particulates identified broadly as "corrosion
products”. These corrosion products,

along with other impurities in the

coolant, circulate through the core of the reactor,
where they are exposed to neutrons. Neutron
bombardment causes them to become
radioactive. The quantities of radioactive
materials so formed are small compared with the
fission products, and consist commonly of
radioisotopes of elements such as iron,

cobalt and manganese. Some reactors use boron
in the reactor core and core coolant to

control the fission process. Neutron

absorption by boron leads to the formation of
tritium, a radioactive isotope of hydrogen.
Tritium formation similarly can rasuit

where water is used as the core

coolant, through conversion of deuterium — a
natural isotope of hydrogen found in water.

In gas-cooled reactors, cooled with carbon

- dioxide, the activation products include ¥A

and 'C.

Radioactive waste generation and management

Although the kinds of radioactive wastes produced
as by-products of the fission process are

basically the same for all uranium fuelled reactors
the characteristics of the effluents from plants

can vary appreciably, depending on the

reactor coolant and steam cycles used. The radio-
isotopes in the effluent streams in turn

influence strongly the design of particular

waste treatment systems.

Objectives in plant design are so to process and
recycle waste streams as to minimize both

volume and radioactivity of effluent

wherever practical. Releases to the environment
are controlled both by batch processing of
effluents, and/or by continuous monitoring before
discharge to ensure that no release exceeds
established permissible limits.

The waste management techniques now in use for
gaseous wastes are delay and decay; filtration;
and low temperature adsorption on charcoal.
Delay and decay refer to the storage of waste for
long enough to decrease the associated treatment
problem by permitting some radioactivity to
decay before release. The usefuiness or

efficacy of this technique as a means for reducing
activity levels in gaseous wastes depends on the
particular isotopes present. Gases are then
filtered and released through stacks to the atmos-
phere, Filters collect radioactive solid particles
formed whena gaseous parent nuclide decays
to a particufate radioactive daughter, or become
attached to particles; and when particles of

dust are carried by the air stream through

S

the reactor core. Specially-treated charcoal filter
beds may be used to remove iodine. Low
temperature adsorption may be usefu!

in providing delay and decay of short-lived noble
gases.

Liquid waste management systems employ four
basic treatment techniques to reduce levels

of radioactivity. These are delay and

decay; filtration; evaporation; and deminerali-
zation. In the case of reactors in which once-
through cooling systems are used a final
reduction in liquid radionuclide concentrations is
achieved by dilution of the wastes in the con-
denser cooling water to ensure that radio-
nuclide concentrations are at the fowest possible
fevel before reaching the site boundary.

The delay and decay tethnique as used in the
treatment of liquid waste is identical in

principle to that for gaseous waste, although little
reduction in liquid radioactivity levels is
achieved, Radionuctides in liquid radioactive
wastes tend to have relatively long half-lives since
those with shorter half-lives decay during

their movement through the plant. A relatively
fong delay time would be needed to achieve

any appreciable reduction in liquid waste
radioactivity levies — it is estimated that it would
take about 40 days to reduce the radioactivity
fevels of typical liquid waste by a factor of

about five.

Filtration is commonly used for treatment of
waste streams containing primarily

insoluble or particulate contaminants. Filtration
is also frequently employed with other

types of waste treatment as a pre- or post-
treatment step for the process liquid, In pre-
treatment filtration the objective is removal of sus-
pended solids to prevent interference by
particulates in the subsequent treatment processes.
in post-treatment application, filters are used

for tasks such as the collection of resir;

fines” escaping from ion exchangers. Filter types
used include natural filtration {using sand or

other media), activated carbon, vacuum

and pressure pre-coat type filtration and fibrous
and knife-edge filtration.

Evaporation separates water from non-volatile
dissolved and insoluble radioactive wastes by
boiling. This concentrates and reduces the

volume of the contained wastes and reduces the
activity level of the effluent, permitting easier
ultimate disposal. The efficiency of this
technique for radioactive waste treatm:ent can vary

Part of the interior of the gaseous diffusion uranium
enrichment plant at Capenhurst, in the UK. Photo: UKAEA




E!.IIV;AT \_ -

CPW P

HEReC .. .,..«olhl.ll’.lt» \ Amia..!

o

Rl Ll NN, O P Dl




e
AY
“.
5
A

7

3
N
‘_..
!

|

"I

e




i T e R

[

#2

SIS

widely depending on the radioactive materials
present. A reduction of 100 to 1000 in the
activity level can be achieved, depending on the
mass velocity of the vapour in the evaporator

and decontamination efficiency for non-volatile
radioactive contaminants. If volatile radio-

active materials such as tritium, iodine or
ruthenium are present the overall reduction in
activity level may be substantially less on account
of carry-over of these materials. Evaporation

is acommon method of treatment of liquid

wastes because streams having a relatively high con-
tent of dissolved solids can be accommodated.
Itis, consequently, a suitable process for

use in conjunction with subsequent ion-exchange
treatment. Care needs to be taken, however,

to provide for treatment of any feed streams, such
as laundry wastes which contain organic agents,

The efficiency of demineralizers (ion-exchange
resins) in the treatment of waste streams depends
on the type, composition and concentration

of waste liquid, the type of exchange, regeneration
methods, radionuclides present and operating
procedures. The reduction in activity levels
achieved may be as low as 2 and as high as 105,
Only wastes containing relatively small

amounts of dissolved and suspended solids can

be processed efficiently by jon exchange because
bed exhaustion occurs rapidly for liquids with

a high total content of dissolved solids.

Suspended solids will clog an jon exchanger and
also prevent its efficient operation. Thus, the

use of ion-exchange treatment is restricted
toradioactive wastes with low total dissolvedsolids
and low suspended soflids, and filtration is

always used as a pre-treatment.

Boiling Water Reactors

Boiling water reactors (BWRs) are one of the two
types of light water reactors which are being
operated and marketed on a wide scale at present.
In a BWR water is circulated through the core of the
reactor, where it is converted under pressure into
steam {See Fig.6). This high-temperature stream

is used to drive a turbine to generate electricity, and
is then cooled in a condenser and recirculated
through the reactor core. Water is used to cool the
condenser. The basic operation of such a plant,

apart from the nature of the fuel, is similar to that
of a fossil-fuelled installation. (See Fig.7)

BWR Waste Manzgement Systems

More than 99% of the radioactive gaseous effluents
from boiling water reactors are removed continu-
ously with relatively large volumes of air

Fly-fishing trials taking place
on the lake at the Trawsfynydd nuclear powerstation, Wales.
Photo: Central Electricity Generating Board.

through the condenser ajr ejector. Additions to
the gaseous emission come via the condenser

gland seal, primary containment air, gases from the
radiochemical laboratory at the plant, the

radwaste [radioactive waste] treatment area,
laundry, decontamination operations and various
tank vents, The gaseous waste contains

primarily the activation product 13N,

isotopes of the noble-gas fission products krypton
and xenon, and tricium. About 90% of the

3N decays to a non-radioactive isotope in the

time it takes for the gaseous waste to be transferred
through the plant to the stack and from there

to the site boundary. Consequently, it is of
minimal concern in offsite areas. The isotopic
composition of the krypton and xenon

depends on the radiation history of the reactor fuel
and on the age of the mixture at the time of
release, because many isotopes of krypton and
xenon have a relatively short half-life. Some
radioactive particulates appear in the gaseous waste
as a result of entrainment and decay of noble-

gas precursors; isotopes of some of the

more volatile elements, such as jodines, will be
carried over as vapour.

A typical operating BWR off-gas system,is shown
in Figure 8. Non-condensible gases are drawn
from the main condenser through steam

jet air ejectors and condensers into a delay line,
where they are retained for 30 minutes or more,
depending upon design requirements, After

this delay time the gases pass through an

absolute particuiate filter and are discharged
through the stack. The stack is usually about
300 feet high, although its actual height is
influenced by site topography. Since a major
portion of the activity released frcm a BWR is
composed of short-lived gases, an elevated release
{as opposed to a ground-leve! release) con-
tributes to effective dispersal and decay, .
Off-gases from the turbine gland seals are processed
similarly. Because these are mainly short-lived
activation gases and the volumetric flow rate

is very large, only a two-minute delay is commonly
allowed for before they are discharged through
the stack.

Provisions can be made in the design of BWRs to
reduce greatly the discharge of short-lived noble
gases. This can be accomplished through

the use of activated charcoal beds to delay the
noble gases for a time long enough to permit
additional radioactive decay. This would have
little influence on releases of 85Kr. at the reactor
site since this radionuclide has a half-life of

about ten years, but its contribution to

radiation doses in the vicinity of the plant is negli-
gible. Like all other fission products,

practically all of the ¥ Kr formed is retained in
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the fuel elements until they are processed -
for recovery of plutonium and unburned uranium.

A typical BWR liquid radwaste processing system
is shown in Figure 9. The unique feature of

this system is in the segregation of wastes

by chemical and physical properties. Influent is
collected and processed according to its
classification as high-purity (equipment drains),
low-purity (floor drains), chemical, or

laundry wastes. Contents of equipment drains
are filtered and demineralized, and can then

be either used again in the plant, or measured and
discharged. Plant floor drains, chemical

wastes and laundry wastes are filtered and
discharged from the plant. Since the laundry
wastes tend to foul filtering media, they are pro-
cessed separately through their own filter.

The major sources of solid radioactive wastes

at BWRs are sludges which accumulate on

filters, and demineralizer resins. These

wastes are first centrifuged to remove excess water
then solidified with concrete in 66 gallon

(0.2 m®) stee! drums. The drums are normally
stored for three to six months before

shipped offsite for permanent burial. About

100 — 175 drums are shipped each year

from a typical BWR installation.

BWR Operating Experience

A radiological surveillance study was performed
in the United States at an operating BWR

power station. In this study the

characteristics of the gaseous effluent discharged
to the environment were measured: the

average fission-product noble-gas release rate
was 12 600 M Ci/sec while the plant was operating,
which was during 64% of the year. The
principal radioactive noble gases found in the
laboratory effluent analyses were 5™ Kr,

87Kr, 88Kr, 133Xe, and 1*8Xe. One day after re-
lease only 38Kr, 13™MXe and 135Xe were detected
in the sample; after one month the onlsz

noble gases detectable were *3*Xe and 55Kr.
Tritium could also be detected in the laboratory
sample. The principal non-noble gas fission
product found was '3,

Data for gaseous releases of radionuclides to the
atmosphere from ten BWRs operating in
saveral countries are shown in Table IV.

The constituents of radioactive liquid waste
from a BWR are activated corrosion products,
and fission products. The fission product

levels are attributable to tramp uranium', and to

* “Tramp” uranium refers ta;the tracers of uranium

that may be found on the outer surfaces of the fuel
cladding.
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Figure 6: Schematic diagram of s typical boiling-water
reactor

rureing [0 £ P ““l SENERATOR

NN

REACTOR

Figurs 7: Schematic diagram of a fossil-fuelled
generating plant

Figurs 8: Typical BWR off-gas system
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Figurs 9: Typical BWR liquid radicactive waste system
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Figure 10: Schematic diagram of a typical pressurized.

water reactor

Figure 11: Typics! PWR gesecus waste system

OEGASTING
OF ALACION peiiom
COOLANT

TANR

coven O

CASLS

(WASTE 6AS
COMPRESSORS

EouPMENt
YENTS

CAS
ogear FILTER!
TANKS bt

2 MONTHS
HOLOUP

Figure 12: Typical PWR liquid radiosctive waste

system — dirty wastes
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Figure 13: Typical PWR liquid radicactive waste
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leakage from fuel elements through cladding
defects. The relative contribution of

leaking fuel elements depends, of course,
directly upon the number of leaking fuel rods
and the severity of the leaks.

The characteristics of the liquid waste effluent
were also measured in the study mentioned.

The average concentration of all detected

soluble and insoluble radionuclides in

the waste prior to dilution was

approximately 2 X 10”3 uCi/ml. The radioactive
oonstltuents at the hi s’%hest concentratlons

were H 8Co, ¥sr, 3cs,

137Cs, 19°8a and ‘“Ce The average contribution
to the total unidentified activity in the

water used for radioactive waste dilution

was 0.189 X 1077 uCi/ml over a one-year period. -
This may be compared with the ICRP
recommendation for the maximum

permussnble concentration of unidentified radio-
nuclides in water, (MPCU)w of 10”7 uCi/ml

if neither 22Ra nor 28R is present. The

study concluded that exposure to the

surrounding population through consumption of
food and water was not measurable.

Pressurized Water Reactors

The second type of light water reactor in common
use is the pressurized water reactor (PWR).
Pressurized water reactors operate

under pressure high enough to ensure that the
water passing through the reactors does not boil.
This water passes through a steam generator

to make steam to drive the turbine (Fig.10).

The water in the primary coolant system does not
mix with the steam used to drive the turbine.

PWR Waste Management System

Since the primary coolant in pressurized water
reactors does not boil most of the gases

are contained within the primary coolant system.
Gases which do leave the primary coolant

system are collected and routed to storage tanks.
The general composition of the gaseous

waste produced ir, a PWR is somewhat different
from that produced in a BWR. Since PWR

gases remain in the plant for a longer

! time before discharge the shorter half-life
“isotopes are much less abundant in the gassous

waste of a PWR than in that.of a BWR.
Occasionally, primary coolant leaks into the
secondary system through defective steam-
generator tubes. When this occurs short-lived gas-
eous radioactive wastes.may be released through
the main condenser air eiector.

A typical PWR gaseous radwaste system is shown
in Fig.11. The waste gases from various
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I);‘:l;tli\r:g Experience of Relesses of Gaseous Radionuclides to the Atmosphere
from Boiling Water Reactors in 1970
Plant Nl::t‘ii:: éf:;‘g%?; i Annual Ave';;g: Emission
(MWi(e)) (105 MWh) (s Ci/sec)
Dresden 1 200 1.50 30,000
Big Rock Point 72 0.38 9,000
Humboldt Bay 70 0.43 16,000
Garigliano 150 0.74 16,000
KRB 237 1.84 1,000
Tarapur (2 units) 380 217 14,000
Oyster Creek 640 3.56 3,500
Nine Mile Point 600 163 < 1,000
Tsuruga 342 189 1,800
Dresden 2 809 1.26 8,600

sources are collected in a vent header and
discharged by a waste-gas compressor into one of
several decay tanks. When a tank reaches

a set pressure and activity level it is

isolated and a second tank is placed in service. Gas
is held for decay for from one to two months
before being discharged through a filter

to the environment from a building vent, Since
these gaseous wastes are small in quantity and
contain minimal activity dispersal from an
elevated stack is not necessary.

A typical PWR liquid radwaste system is shown
in Fig..12 and Fig. 13. Dirty wastes from various
sources (Fig.12) are collected in separate

tanks and, when ready for processing, are dis-
charged to the waste-holdup tank. This

tank serves primarily as a batching tank for the
waste evaporator. The distillate from the
evaporation process is condensed and stored

in a condensate storage tank before discharge from
the plant. The concentrates are collected and
stored for processing through the solid

radwaste system.

Clean wastes (Fig.13), which consist primarily of
reactor coolant, are collected in holdup tanks.
After filtration and demineralization of
these wastes the boric acid evaporator serves
primarily to recover boric acid and primary grade
~++water. The boric acid evaporator condensate,
" “after being filtered and demineralized, can

28 ,

be recycled to the primary coolant make-up tank

or measured and released to the discharge canal.

Solid radioactive wastes from a PWR may be
processed differently depending upon the

source, the activity and the choice made by the
plant operator. Evaporator concentrates

are solidifed with a mixture of cement

and vermiculite in 55-gallon (0.2 m3) stee! drums.

PWRs use cartridge-type filters that consist of
paper or fibre elements held in a steel cage.
Usually only the elements need changing,

but occasionally the entire cage assembly must be
replaced. In either case, the component to be
disposed of is placed inside a 55-gallon {0.2 m3)
steel drum lined with cement for shielding
purposes. More cement is added to encapsulate
the component completely. The drum is

then capped. All processed solid

radwaste is stored on-site before being shipped
to a burial ground for final disposal. These ship-
mants range form 100 — 175 drums a year.

PWR Operating Experience

A recent radiological surveillance study

performed in the US at an operating PWR power
station measured the characteristics of the

gaseous wastes at several points in the waste
management systems. The maximum annual gress
beta-gamma leve! of activity discharged in

gaseous effluents was approximately 22 curies
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The Chapelcross nuclear power station, in Dumfriesshire, Scotland. Photo: UKAEA

for the year 1962 and averaged 5.3 Ci/year
between 1962 and 1968. The radnonuclldes found
in the gaseous waste were °H, 85Kr, 13xe
and 13Xe, No gaseous ! was found at the
minimum detectable level. Based on measured
concentrations in the surge drum and subsequent
dilution, four radionuclides were estimated to

be present at the site boundary in concentrations
corresponding to 0.002%, 1.0%, 0.03% and
0.01% respectively of their individual

maximum permissible concentrations. Concen-
trations at the site boundary were conservatively
estimated to be 0.01% of the limit for
Secondary so